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Neutrino interactions at ultrahigh energies

Raj Gandhi*
Mehta Research Institute, Chhatnag Road, Jhusi, Allahabad 211019, India

Chris Quigg†

Theoretical Physics Department, Fermi National Accelerator Laboratory, P.O. Box 500, Batavia, Illinois 60510

Mary Hall Reno‡

Department of Physics and Astronomy, University of Iowa, Iowa City, Iowa 52242

Ina Sarcevic§

Department of Physics, University of Arizona, Tucson, Arizona 85721
~Received 7 July 1998; published 30 September 1998!

We report new calculations of the cross sections for deeply inelastic neutrino-nucleon scattering at neutrino
energies between 109 eV and 1021 eV. We compare with results in the literature and assess the reliability of
our predictions. For completeness, we briefly review the cross sections for neutrino interactions with atomic

electrons, emphasizing the role of theW-boson resonance inn̄ee interactions for neutrino energies in the
neighborhood of 6.3 PeV. Adopting model predictions for extraterrestrial neutrino fluxes from active galactic
nuclei, gamma-ray bursters, and the collapse of topological defects, we estimate event rates in large-volume
water Čerenkov detectors and large-area ground arrays.@S0556-2821~98!08621-4#

PACS number~s!: 13.15.1g, 13.60.Hb, 95.55.Vj, 96.40.Tv

I. INTRODUCTION

Neutrino observatories hold great promise for probing the
deepest reaches of stars and galaxies@1–4#. Unlike charged
particles, neutrinos arrive on a direct line from their source,
undeflected by magnetic fields. Unlike photons, neutrinos in-
teract weakly, so they can penetrate thick columns of matter.
For example, the interaction length of a 1-TeV neutrino is
about 2.5 million kilometers of water, or 250 kton/cm2,
whereas high-energy photons are blocked by a few hundred
g/cm2.

Ultrahigh-energy neutrinos can be detected by observing
long-range muons produced in charged-current neutrino-
nucleon interactions. To reduce the background from muons
produced in the atmosphere, it is advantageous to site a neu-
trino telescope at a depth of several kilometers~water
equivalent! or to observe upward-going muons. The reac-

tions (n l ,n̄ l)N→( l 2,l 1)1anything and (n l ,n̄ l)N→(n l ,n̄ l)
1anything are the major sources of both the desired signal
and the attenuation of the neutrino ‘‘beam’’ as it passes
through the Earthen routeto the detector. Through the past
dozen years, improving knowledge of the partonic structure
of the nucleon has made possible a series of increasingly
refined predictions for the interaction cross sections@5–13#.
Over the same period, ideas about the flux of neutrinos from
active galactic nuclei~AGNs! and other extraterrestrial
sources have evolved considerably. The observation@14# of

neutrinos correlated with supernova SN1987A and the detec-
tion of solar neutrinos by observing the direction of recoil
electrons from neutrino interactions@15,16# showed the
promise of neutrino observatories for astrophysical studies.
The detection of neutrinos produced by cosmic-ray interac-
tions in the Earth’s atmosphere@17–20# has emerged as a
tool for investigating neutrino oscillations@21–24#. Plans for
neutrino observatories that will detect neutrinos that origi-
nate beyond Earth have matured to the point that it is now
reasonable to contemplate instrumenting a volume of water
or ice as large as 1 km3 @25–32#. The ground array of the
proposed Pierre Auger Cosmic Ray Observatory@33# would
have an acceptance exceeding 1 km3 sr of water for neutrino
energies greater than 1017 eV @34#. The Orbiting Wide-angle
Light collectors project~OWL! would place in Earth orbit a
lens to study air showers initiated by.1020-eV particles,
including neutrinos@35#.

In this paper we present new calculations of the cross
sections for charged-current and neutral current interactions
of neutrinos with nucleons, updating our results of Ref.@12#
@Gandhi, Quigg, Reno, and Sarcevic 1996~GQRS96!# to
take account of new information about the parton distribu-
tions within the nucleon@36#. In place of the CTEQ3-DIS
~deep inelastic scattering! parton distributions@37# that we
adopted as our nominal set in GQRS96, we base our new
calculations on the CTEQ4-DIS parton distributions@38#.
The changes are modest, and only noticeable at the highest
neutrino energies we consider: atEn51021 eV, the new
cross sections are about 25% smaller than those of GQRS96.
We find that for neutrino energies up to 1016 eV, all the
standard sets of parton distribution functions yield very simi-
lar cross sections. At higher energies, the predictions rely on
incompletely tested assumptions about the behavior of parton
distributions at very small values of the momentum fraction

*Email address: raj@mri.ernet.in
†Email address: quigg@fnal.gov
‡Email address: reno@hepsun1.physics.uiowa.edu
§Email address: ina@gluon.physics.arizona.edu
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Discovery of a Narrow Resonance in e+e- Annihilation

J. -E. Augustin*, A. M. Boyarski, M. Breidenbach, F. Bulos, J. T. Dakin, G. J. Feldman, G. E. Fischer, D.
Fryberger, G. Hanson, B. Jean-Marie*, R. R. Larsen, V. Lüth, H. L. Lynch, D. Lyon, C. C. Morehouse, J.
M. Paterson, M. L. Perl, B. Richter, P. Rapidis, R. F. Schwitters, W. M. Tanenbaum, and F. Vannucci§

Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305
G. S. Abrams, D. Briggs, W. Chinowsky, C. E. Friedberg, G. Goldhaber, R. J. Hollebeek, J. A. Kadyk, B.
Lulu, F. Pierre¶, G. H. Trilling, J. S. Whitaker, J. Wiss, and J. E. Zipse
Lawrence Berkeley Laboratory and Department of Physics, University of California, Berkeley, California
94720

Received 13 November 1974

We have observed a very sharp peak in the cross section for e+e--->hadrons, e+e-, and possibly µ+µ- at a
center-of-mass energy of 3.105±0.003 GeV. The upper limit to the full width at half-maximum is 1.3 MeV.

©1974 The American Physical Society

URL: http://link.aps.org/abstract/PRL/v33/p1406
DOI: 10.1103/PhysRevLett.33.1406
* Present address: Laboratoire de l'Accélérateur Linéaire, Centre d'Orsay de l'Université de Paris, 91 Orsay,
France.
§ Permanent address: Institut de Physique Nucléaire, Orsay, France.
¶ Permanent address: Centre d'Etudes Nucléaires de Saclay, Saclay, France.
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Quantum Theory of Radiation

Enrico Fermi
University of Rome, Italy

©1932 The American Physical Society
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Dr. Victor Gurarie
Oxford

Disorder Symmetry and Universality Classes[Slides][Aud][Cam]

10/19, 2:00
p.m.

Dr. J. E. Mooij
ITP & Delft Technical University

Persistent-Current Quantum Bits[Aud][Cam]

10/24, 2:00
p.m.

Dr. S. C. Zhang
Stanford University

A Four Dimensional Generalization of the Quantum Hall Effect[Aud][Cam]

11/05, 3:30
p.m.

Dr. Neil Turok
Cambridge

A Cyclic Model of the Universe[Aud][Cam]

11/06, 2:30
p.m.

Dr. Kay Wiese
ITP

Disordered Systems and the Functional Renormalization
Group[Slides][Aud][Cam]

11/14, 2:00
p.m.

Dr. J. E. Mooij
ITP & Delft University of
Technology

Macroscopic Quantum Effects in Josephson Junction Circuits[Aud][Cam]

11/19, 2:00
p.m.

Dr. Boris Shraiman
Bell Labs

Statistical Mechanics in Modeling of Transcription Control Networks

11/28, 2:00
p.m.

Dr. Art Wolfe
UCSD

Does the Fine Structure Constant Vary Over Cosmological Time Scales?

January - June, 2001
2/14, 2:00
p.m.

Dr. David Kleinfeld
UCSD

Phase Oscillators and Traveling Electrical Waves in Cortex[Slides][Aud]

2/28, 2:00
p.m.

Dr. Steven Girvin
ITP & Indiana University

Physical Realizations of Quantum Bits: Trapped Ions and Cooper Pair
Boxes[Slides][Aud]

3/14, 2:00
p.m.

Dr. Angela Olinto
U. Chicago

The Highest Energy Cosmic Rays[Slides][Aud]

3/21, 2:00
p.m.

Dr. Henry W. Sobel
University of California, Irvine

Neutrino Mass from Super-Kamiokande[Slides][Aud]

4/11, 2:00
p.m.

Dr. Michael Peskin
SLAC

A Decade of Precision Electroweak Experiments[Slides][Aud]

4/13, 3:30
p.m.

Dr. Michael H. Freedman
Microsoft

A Two-Dimensional Antiferromagnet Which "Knows" Chern-Simons
Theory[Slides][Aud][Cam]

4/18, 2:00
p.m.

Dr. Thomas Junk
CERN

Searches for the Higgs Boson at LEP[Slides][Aud]

5/18, 11:00
a.m.

Dr. Alain Connes
IHES/MSRI

Noncommutative Geometry[Aud]
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  Public Lecture Recordings:

This Particular Elegant Universe: How Do We
Measure It?

by: Melissa Franklin

Mr. Feynman's Quantum Mechanics: A Field
Guide for Curious Characters

by: Steve Girvin

The Future of Gravity

by: James Hartle

Einstein's Clocks: High Theory and Lowly
Technology

by: Peter Galison

Science and the Mind

by: Roger Penrose

Spacetime Warps and the Quantum: A Glimpse
of the Future

by: Kip Thorne

A NEW FORM OF MATTER: Bose-Einstein
Condensation and the Atom Laser

by: Wolfgang Ketterle

Duality, Space-Time and Quantum Mechanics

by: Edward Witten

Taking Measure of the Universe: How Big?
How Old? How Do We Know?

by: Robert Kirshner
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Schedule 

Jan 31, 2001

THIS PARTICULAR
ELEGANT UNIVERSE:
How Do We Measure It?

Dr. Melissa Franklin, Harvard University

Audio for this talk requires sound hardware, and RealPlayer or RealAudio by RealNetworks.

Begin WebCam and audio for the whole talk: high bandwidth or medium bandwidth.

Or, begin audio only for the whole talk: high bandwidth or low bandwidth. (Or, right-click to
download the whole audio file.)

To begin viewing slides, click on the first slide below.

Dr. Melissa Franklin, Harvard University, THIS PARTICULAR ELEGANT UNIVERSE: How Do We Measure It?
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Example Archive

Summer Student
Lectures

LHC Software
Training

Getting Started

Project
Description

Project Team

Feedback Form

E-Mail

Web Lecture Archive Project

Setting a new standard in the archival of slide-based presentations on the Internet.

The Archives

Summer Student Lectures 2001

Summer Student Lectures 2000

Summer Student Lectures 1999

 ATLAS: Introduction to Geant4

Egil Lillestol- LHC: An Exciting
Physics Future For CERN

Atlas: The AGDD generic model

 Training for dismantling LEP

Academic Training Program
2000-2001

 Hiding Infinites (Nobel Talk) M.
Veltman

 C++ for Physicists

 ATLAS DAQ-1 Back-end
Subsystem Training

The Project

  Getting
Started

  Project
Description

  Project Team

  Feedback
Form

  Sync-O-matic
2000

  Archivist's
Guide
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 LHC Software Training

 Bringing the Web to America
P. Kunz (SLAC)

http://webcast.cern.ch/Projects/WebLectureArchive/index.html

Giosue.Vitaglione@cern.ch and Steven.Goldfarb@cern.ch

Web Lecture Archive Project - Home Page
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WLAP > CERN > Summer Student Lectures  > 1999

CERN Summer Student Lectures 1999
Particle Physics: The Standard Model - C. Quigg (Course
Description)

Part Date Video
Plug-In

Video
Detached

Archive
Notes

1 19-jul-1999
Poor Audio
Quality

2 20-jul-1999
Poor Audio
Quality

3 21-jul-1999
Improved
Audio
Quality

4 22-jul-1999
Improved
Audio
Quality

5 23-jul-1999
Improved
Audio
Quality

6 24-jul-1999
Improved
Audio
Quality

7 27-jul-1999
Improved
Audio
Quality

8 28-jul-1999
Improved
Audio
Quality

From Raw Data to Physics Results - R. Jacobsen (Course
Description)

Web Lecture Archive Project - Summer Student Lectures 2000
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Part Date Video
Plug-In

Video
Detached

Archive
Notes

1 20-jul-1999
Building
40
Auditorium

2 21-jul-1999
Main
Auditorium

3 22-jul-1999
Main
Auditorium

Computing at CERN - T. Cass (Course Description)

Part Date Video
Plug-In

Video
Detached

Archive
Notes

1 22-jul-1999

2 23-jul-1999

3 26-jul-1999

Accelerators - O. Brüning (Course Description)

Part Date Video
Plug-In

Video
Detached

Archive
Notes

1 26-jul-1999

2 27-jul-1999

3 28-jul-1999

4 29-jul-1999

5 30-jul-1999

Other World Labs - G. Flügge (Course Description)

Web Lecture Archive Project - Summer Student Lectures 2000
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Part Date Video
Plug-In

Video
Detached

Archive
Notes

1 27-jul-1999

Physics at LEP - P. Janot (Course Description)

Part Date Video
Plug-In

Video
Detached

Archive
Notes

1 29-jul-1999

2 29-jul-1999

3 30-jul-1999

4 2-aug-1999

Beyond the Standard Model - G. Giudice (Course
Description)

Part Date Video
Plug-In

Video
Detached

Archive
Notes

1 2-aug-1999

2 3-aug-1999

3 4-aug-1999

CP Violation - J. Lee-Franzini (Course Description)

Web Lecture Archive Project - Summer Student Lectures 2000
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Part Date Video
Plug-In

Video
Detached

Archive
Notes

1 3-aug-1999

2 4-aug-1999

3 5-aug-1999

Physics at LHC - F. Gianotti (Course Description)

Part Date Video
Plug-In

Video
Detached

Archive
Notes

1 5-aug-1999

2 5-aug-1999

3 6-aug-1999

Neutrino Physics - J. Panman (Course Description)

Part Date Video
Plug-In

Video
Detached

Archive
Notes

1 9-aug-1999

2 10-aug-1999

3 11-aug-1999

http://webcast.cern.ch/Projects/WebLectureArchive/ssl/1999/

WLAP Team for the Summer Students Lectures 1999:
Etienne Falaise
Steven.Goldfarb@cern.ch
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The Web as a Teaching Tool

Lecture archives aside . . .

✄ 1995 Cornell Course: readings and exercises
Commuting professor and students
LATEX → .dvi, .ps files; few links
downloads from other institutions (some abroad)

✄ 1997 Princeton Course: readings and exercises
many more links

Preferred medium now .pdf



And What of Textbooks?

✄ Can provide rich hyperlinks using LATEX → .pdf
Now limited to APS, JSTOR, recent pubs, arXiv
More in future as publishers archive back volumes

✄ How to distribute? CD-ROM, DVD, Web?
E-books haven’t taken off

✄ Incentives for authors?
Who pays? How? To whom?



Personal Web Pages





The Digital Divide . . .

. . . and the Analog Divide



In Praise of Enlightened Inefficiency
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